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Schistosoma mansoni Antigens Modulate Experimental Allergic Asthma in
a Murine Model: a Major Role for CD4" CD25" Foxp3™ T Cells
Independent of Interleukin-10"
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In areas where schistosomiasis is endemic, a negative correlation is observed between atopy and helminth
infection, associated with a low prevalence of asthma. We investigated whether Schistosoma mansoni infection or
injection of parasite eggs can modulate airway allergic inflammation in mice, examining the mechanisms of such
regulation. We infected BALB/c mice with 30 S. mansoni cercariae or intraperitoneally injected 2,500 schistosome
eggs, and experimental asthma was induced by ovalbumin (OVA). The number of eosinophils in bronchoalveolar
lavage fluid was higher in the asthmatic group than in asthmatic mice infected with S. mansoni or treated with
parasite eggs. Reduced Th2 cytokine production, characterized by lower levels of interleukin-4 (IL-4), IL-5, and
immunoglobulin E, was observed in both S. mansoni-treated groups compared to the asthmatic group. There was
a reduction in the number of inflammatory cells in lungs of S. mansoni-infected and egg-treated mice, demonstrating
that both S. mansoni infection and the egg treatment modulated the lung inflammatory response to OVA. Only
allergic animals that were treated with parasite eggs had increased numbers of CD4* CD25"* Foxp3* T cells and
increased levels of IL-10 and decreased production of CCL2, CCL3, and CCLS in the lungs compared to the
asthmatic group. Neutralization of IL-10 receptor or depletion of CD25™ T cells in vivo confirmed the critical role

of CD4* CD25™ Foxp3* regulatory T cells in experimental asthma modulation independent of IL-10.

The prevalence of allergic diseases such as asthma has in-
creased markedly over the past few decades (5). The immune
response to allergens is characterized by eosinophilic inflamma-
tion of the airways, airway hyperreactivity, and immunoglobulin E
(IgE) production by B cells (39). The immune etiology of asthma
is complex. Genetic and immunological analyses of atopic indi-
viduals have revealed that Th2 cytokines are usually associated
with allergies (23, 25). Furthermore, Th2 cells which produce
interleukin-4 (IL-4), IL-5, and IL-13 mediate the inflammatory
reaction in the lung. Production of IL-5 increases differentiation,
recruitment, and survival of eosinophils and therefore plays an
important role in the development of pulmonary eosinophilia
during allergic disorders (26). Moreover, IL-13 is important for
IgE production, mucus hyperplasia, and eosinophilia (34). The
levels of these cytokines are higher in allergic patients and play a
direct role in the inflammatory response.

It has been suggested that people in developing countries suffer
less from allergic disease than those who live in industrialized
countries because the former are frequently exposed to bacteria
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and helminth infections associated with poverty and lack of basic
sanitary conditions (21). Both helminth infections and allergic
diseases are associated with Th2 cytokines and high levels of IgE
and eosinophilia. Though they appear to have similar immune
responses, a negative correlation between helminth infection and
allergic disease has been observed. Epidemiological studies have
shown that some parasites are associated with reduced risk of
atopy in children (20, 31). Medeiros et al. (24) found decreased
prevalence and severity of asthma in individuals living in areas
where schistosomiasis is endemic. Another study showed an in-
verse correlation between Schistosoma mansoni infection and
positive responses to aeroallergens in skin prick tests (3). In Ga-
bon, school children infected with Schistosoma haematobium had
a lower prevalence of skin reactivity to house dust mites than
noninfected children (32). The mechanism involved in asthma
modulation is currently being clarified, using a murine model.
Mice infected with the gastrointestinal nematode Heligmo-
somoides polygyrus are able to modulate allergic inflammation in
the lung through a mechanism that involves IL-10 (17). In the
case of schistosomiasis, the modulatory effect of infection seems
to depend on the intensity and chronicity of infection (28). Ad-
ditionally, recent studies have demonstrated that animals infected
with schistosomes modulate experimentally induced allergy
through IL-10 production (22, 28). We have demonstrated that
mice infected with S. mansoni or animals that were treated with
eggs of this parasite had a significantly decreased eosinophilic
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response in the airways, lower IL-4 and IL-5 production, and
lower levels of antiovalbumin (anti-OVA)-specific IgE antibodies,
and they became more resistant to experimental asthma. Ours is
the first study that demonstrates that asthma protection by S.
mansoni antigens is associated with CD4" CD25" Foxp3™ T cells
independent of IL-10 activity, which is consistent with the hypoth-
esis that parasite-induced regulatory T cells (Tregs) can down-
modulate Th2 allergic inflammation.

MATERIALS AND METHODS

Mice, parasites, and egg preparation. Female BALB/c mice, 6 to 8 weeks old,
were obtained from the Federal University of Minas Gerais animal facility. The
mice were treated with an antihelminthic drug 14 days before the experiments
started. Cercariae of S. mansoni (LE strain) were maintained routinely on
Biomphalaria glabrata snails at Rene Rachou Research Center (Fiocruz/MG-Brazil)
and obtained by exposing infected snails to light for 1 hour to induce shedding.
Cercarial numbers and viability were determined using a light microscope. S.
mansoni eggs were isolated from frozen livers of infected mice and washed
several times in saline buffer.

Antibodies. The following antibodies were used for flow cytometry analysis:
anti-mouse CD4-fluorescein isothiocyanate (FITC) (clone H129.19; BD Bio-
science), anti-mouse CD25-biotin (clone 7D4; BD Bioscience), anti-mouse IL-
10-phycoerythrin (PE) (clone JES5-16E3; BD Bioscience), anti-mouse
Foxp3-PE (clone FJK-16S; eBioscience), and anti-mouse Foxp3-biotin (clone
FJK-16S; eBioscience). Anti-mouse CD16/CD32, Fc Block (BD Bioscience), and
streptavidin-PE-Cy5 (BD Bioscience) reagents were also used for flow cytometry
assays. Anti-IL-10 receptor (anti-IL-10R) clone 1B1.3a (BD Bioscience), control
monoclonal antibody (MAb) (GL113; BD Bioscience), and anti-CD25 clone
PC61 (27) were used in the neutralization and depletion protocols.

Infection with cercariae, S. mansoni egg administration, and experimental
asthma induction. Experimental allergy was induced in mice at 8 weeks after
infection and 2 weeks after intraperitoneal egg injection. Briefly, mice were
infected with 30 cercariae from S. mansoni strain LE by percutaneous exposure
of abdominal skin for 1 hour. The animals were sensitized to OVA (Sigma-
Aldrich; 10 pg in 1 mg of alum) twice at days 35 and 49 postinfection and then
challenged with aerosolized OVA or saline from days 56 to 60 postinfection. At
day 61, the mice were sacrificed. In the S. mansoni egg administration protocol,
each animal was injected intraperitoneally with 2,500 parasite eggs 7 days after
subcutaneous OVA sensitization (10 pg in 1 mg of alum). At day 14, 7 days after
egg treatment, the mice were given a second subcutaneous injection of OVA, and
from days 21 to 25 the animals were challenged with aerosolized OVA or saline.
At day 26, the mice were sacrificed. Animals were grouped according to treat-
ment as follows: phosphate-buffered saline (PBS) group, noninfected, not egg
treated, and saline challenged; asthma group, noninfected, not egg treated, and
OVA challenged; INF/asthma group, infected with cercariae and OVA chal-
lenged; egg/asthma group, egg treated and OVA challenged.

Bronchoalveolar lavage (BAL). The tracheas of euthanized mice were cannu-
lated and the airway lumens washed three times with 1-ml aliquots of PBS. The
recovered fluid was centrifuged, and cell pellets were resuspended in 1 ml of PBS
containing 3% bovine serum albumin. Total leukocytes were counted with a
hemocytometer, and the percentages of different leukocytes were determined
using standard morphological criteria, examining cytospin slides by May-Grun-
wald and Giemsa staining.

Determination of EPO activity. The eosinophil peroxidase (EPO) assay was
performed as previously described (29). Briefly, 100 mg of tissue from each lung
was weighed, homogenized in 1.9 ml of PBS, and centrifuged at 12,000 X g for
10 min. The supernatant was discarded, and the erythrocytes were lysed. The
samples were then centrifuged, the supernatant was discarded, and the pellet was
suspended in 1.9 ml of 0.5% hexadecyltrimethyl ammonium bromide in PBS
saline. The samples were frozen three times in liquid nitrogen and centrifuged at
4°C at 12,000 X g for 10 min. The supernatant was used in the enzymatic assay.
Briefly, o-phenylenediamine (OPD) (10 mg) was dissolved in 5.5 ml distilled
water, and then 1.5 ml of OPD solution was added to 8.5 ml of Tris buffer (pH
8.0), followed by the addition of 7.5 ul of H,O,. Using a 96-well plate, 100 pl of
substrate solution was added to 50 pl of each sample. After 30 min, the reaction
was stopped with 50 wl of 1 M H,SO, and the absorbance was read at 492 nm.

Measurement of cytokine and chemokine levels in lungs. In order to evaluate
the levels of cytokines and chemokines in lung tissues, 100 mg of each lung was
homogenized in 1 ml of PBS (0.4 m NaCl and 10 mM NaPO,) containing
protease inhibitors (0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM benzetho-
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nium chloride, 10 mM EDTA, and 2 pl aprotinin A) and 0.05% Tween 20. The
samples were then centrifuged for 10 min at 3,000 X g, and the supernatant was
immediately used to detect cytokines and chemokines. The concentrations of
cytokines (IL-5, IL-4, and IL-10) and chemokines (CCL2, CCL3, and CCL5) in
lungs of mice were measured using commercially available kits (OptEIA; BD
Bioscience for cytokines and R&D Diagnostics for chemokines) according to the
manufacturer’s instructions.

Lung pathology. The lungs were collected 24 h after asthma induction and
fixed in 10% buffered formalin. The fragments were then dehydrated, cleared,
and embedded in paraffin. Serial sagittal sections of the whole lung (3 to 4 um
thick) were made, stained with Gomori trichrome, and examined for cell infil-
tration as previously described (10).

Measurement of anti-OVA-specific IgE antibodies. Quantification of anti-
OVA-specific IgE antibodies was done by enzyme-linked immunosorbent assay
(ELISA). Maxisorp 96-well microtiter plates (Nunc, Denmark) were coated with
rat anti-mouse unlabeled IgE (1:250; Southern Biotechnology) in pH 9.6 car-
bonate-bicarbonate buffer for 12 to 16 h at 4°C and then blocked for 1 hour at
room temperature with 200 pl/well of 0.25% PBS-casein. Fifty microliters of
each serum was added per well and incubated for 2 hours at room temperature.
The samples were then incubated with 50 pl/well of OVA-biotin (1 mg/ml;
Sigma) at room temperature for 1 hour. Plate-bound antibody was detected by
treatment with 50 pl/well of streptavidin-horseradish peroxidase (1:10,000;
Southern Biotechnology) for 1 hour at room temperature. The color reaction was
developed by adding 100 pl/well of 200 pmol of OPD (Sigma) in pH 5.0 citrate
phosphate buffer plus 0.04% H,O, for 10 min and stopped with 50 ul of 5%
sulfuric acid per well. The plates were read at 492 nm in an ELISA reader
(Bio-Rad, Hercules, CA).

In vivo MAb treatment. Mice were injected intraperitoneally with 1 mg of
anti-CD25 (PC61) or control MAb (GL113) in PBS 1 day before egg treatment
or S. mansoni cercariae infection and 1 day before the first OVA subcutaneous
injection and OVA challenge. Fluorescence-activated cell sorter analysis of lung
cells confirmed 85% depletion of CD25™ T cells (data not shown). For the IL-10
blocking experiment, mice were injected with 1 mg of anti-mouse IL-10R (BD
Bioscience) or isotype control antibody (GL113) 1 day before OVA challenge
and 2 days after OVA challenge.

Cell staining and flow cytometry. The lungs of five mice per group were removed
and treated with 100U/ml of collagenase from Clostridium histolyticum (Sigma) for
30 min at 37°C. Subsequently, the digested lung tissue was filtered through a 70-um
cell strainer and the red blood cells were lysed with ACK buffer. The cell suspension
was washed twice in RPMI 1640 and adjusted to 1 X 10° cells per well for ex vivo
staining and to 2.5 X 10° cells for the intracellular cytokine experiment. For CD4*
CD25" Foxp3™ ex vivo staining, the cells were generally blocked with anti-mouse
CD16/CD32 MAbs (Fc-Block) and stained for surface markers using FITC-labeled
anti-mouse CD4 and biotin-labeled anti-mouse CD25 (BD Bioscience) MAbs or
their isotype controls, which were incubated for 20 min at 4°C with antibody dilution
solution (PBS 0.15 M, 0.5% bovine serum albumin, 2 mM NaNj). The cells were
then washed with 0.15 M PBS and incubated with strepatavidin-PE-Cy5 (1:200) for
an additional 20 min at 4°C. Surface-stained cells were washed twice with 0.15 M
PBS and incubated with fixation/permeabilization buffer (eBioscience) for 30 min at
4°C. Anti-Foxp3-PE-labeled antibodies in permeabilization buffer (eBioscience)
were added to cells and then incubated for 30 min at 4°C. Cells were washed twice
with 150 wl of permeabilization buffer (eBioscience) and fixed with 2% paraformal-
dehyde. For IL-10 and Foxp3 intracellular staining, 2 X 10° cells per well were
cultured for 14 h in medium and concanavalin A (1 pg/ml) or soluble egg antigen
(SEA; (25 pg/ml) from S. mansoni. After this stimulation period, 1 mg/ml of brefel-
din A was added to the cell culture, which was incubated for an additional 4 hours
in a CO, incubator at 37°C. Before CD4 staining, the cells were treated with
anti-CD16/CD32 (Fc Block). Cell surface and intracellular staining were performed
as described above for ex vivo experiments; however, the cells were stained for CD4,
IL-10, and Foxp3 using anti-CD4 FITC-labeled, anti-IL-10 PE-labeled, and anti-
Foxp3 biotin-labeled, plus streptavidin-PE-Cy5, antibodies. Data acquisition was
performed using FACSCan (Becton Dickinson, San Jose, CA). Data analysis was
performed using a FlowJO interface.

Statistical analysis. Statistical analysis was performed using Student’s ¢ test
and/or analysis of variance with the software package GraphPad Prism 5.0
(GraphPad Software, San Diego, CA).

RESULTS

Schistosoma mansoni infection or egg intraperitoneal injec-
tion modulates OVA-induced inflammation in mouse lungs. In
order to determine if S. mansoni infection or parasite eggs
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FIG. 1. Effect of Schistosoma mansoni or parasite egg administra-
tion in eosinophilic airway inflammation. The numbers of eosinophils
in BAL fluid (A) and levels of EPO in lungs (B) decreased in mice
infected with S. mansoni or treated with parasite eggs. Five mice per
group were used in three independent experiments. *, P < 0.05 com-
pared to values for mice treated with OVA only (asthma). Error bars
indicate standard deviations. O.D., optical density.

affect eosinophilic airway inflammation, mice were infected
with S. mansoni cercariae or injected intraperitoneally with S.
mansoni eggs and were then OVA challenged. The number of
eosinophils recovered in BAL fluid was analyzed, and EPO
activity was measured in lungs as an indirect measurement of
eosinophils in this organ. There were more eosinophils in the
asthmatic group than in the control group (PBS) (P < 0.0001).
Mice infected with cercariae (P < 0.0001) or that received S.
mansoni eggs (P < 0.0005) and were then challenged with the
OVA aerosol had significantly fewer eosinophils than did mice
in the asthmatic group (Fig. 1A). Furthermore, mice in the
INF/asthma (P < 0.0001) and egg/asthma (P < 0.048) groups
had more eosinophils than the PBS-treated control mice. We
also detected reduced EPO levels in the lungs of mice in the
INF/asthma (P < 0.005) and egg/asthma (P < 0.006) groups
compared with asthmatic animals (Fig. 1B). These findings
show that S. mansoni infection and parasite egg treatment
modulate eosinophil-mediated lung inflammation.

IL-4 and IL-5 Th2 cytokines are downregulated by S. man-
soni infection and by parasite egg treatment. In allergic disor-
ders, high levels of Th2 cytokines, such as IL-4 and IL-5, are
observed at the inflammatory site. To determine if the reduc-
tion in eosinophil numbers observed in the BAL fluid and
lungs of infected and egg-treated mice was associated with a
decrease in Th2 cytokine production, we evaluated IL-4 and
IL-5 production in the lungs of the mice. Lower levels of IL-4
and IL-5 were detected in S. mansoni-infected and in parasite
egg-injected mice than in asthmatic mice (Fig. 2A and B).
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FIG. 2. Effect of Schistosoma mansoni or parasite eggs in the mod-
ulation of Th2 cytokine responses in the lung. Cytokine levels in the
lungs of mice infected with S. mansoni or of mice injected with parasite
eggs and in which asthma was induced were analyzed. Levels of 1L-4
(A) and IL-5 (B) produced by S. mansoni-infected mice or animals
treated with parasite eggs were determined for five individual mice per
group. *, P < 0.05, compared to values for mice treated with OVA only
(asthma). Error bars indicate standard deviations.

Decreased levels of anti-OVA IgE are detected in S. mansoni-
infected and in parasite egg-injected animals. IgE is one of the
immunological components responsible for mast cell degranula-
tion and allergy; it is directly correlated with IL-4, which is in-
volved in an IgE isotype switch. We measured OV A-specific IgE
levels by ELISA. Significantly lower anti-OVA IgE levels were
observed in mice infected with S. mansoni and in those that were
injected with parasite eggs than in asthmatic animals (Fig. 3).

Reduced inflammatory cell recruitment into lungs of in-
fected and parasite egg-treated mice. Histological sections
stained with Gomori trichrome were used to evaluate the in-
flammatory process in the lung. An increased inflammatory
response, characterized by an intense inflammatory cell infil-
trate (Fig. 4B), was observed in the lungs of asthmatic mice
compared with animals infected with S. mansoni or injected
with parasite eggs (Fig. 4C and D, respectively).

Schistosoma mansoni egg-treated mice have increased IL-10
production in the lungs. IL-10 is an anti-inflammatory cytokine
that seems to be involved in asthma modulation. We measured
IL-10 levels in lung homogenates by ELISA. Mice that were
injected with S. mansoni eggs and challenged with OVA pro-
duced higher levels of IL-10 than asthmatic mice; however, no
difference in IL-10 synthesis was observed between S. mansoni-
infected and asthmatic animals (Fig. 5).

Schistosoma mansoni egg treatment increases the numbers of
CD4* CD25" Foxp3™ IL-10~ cells. We measured the numbers
of CD4" CD25" Foxp3™ T cells in the lungs of asthmatic
animals by flow cytometry. Both mouse groups that were in-
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FIG. 3. OVA-specific IgE level in sera of mice infected with Schis-
tosoma mansoni or of mice that received S. mansoni eggs and in which
experimental asthma was induced. Values represent means for five
mice per group. An asterisk denotes differences of INF/asthma (P <
0.0001) and egg/asthma (P < 0.0014) groups compared to values ob-
tained for mice treated with OVA only (asthma). The level of OVA-
specific IgE measured in the asthma group is also significant compared
to the PBS control group (P < 0.0001). Error bars indicate standard
deviations. O.D., optical density.
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fected with S. mansoni or injected with parasite eggs had sig-
nificantly more CD4" CD25™ cells than did PBS-treated or
asthmatic mice (Fig. 6A). However, only the mice that were
injected with S. mansoni eggs had more CD4 " CD25" Foxp3™
T cells (Fig. 6B). In order to determine if CD4" CD25*
Foxp3™* T cells were the source of the IL-10 detected in the
lungs of these animals, lung cell suspensions were stained with
anti-CD4-FITC, anti-IL-10-PE, and anti-Foxp3-biotin plus
streptavidin-PE-Cy5. Although significant IL-10 production
was detected in the lungs of mice that were injected with
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FIG. 4. Histological analysis of lung tissue from mice treated with
PBS, OVA, Schistosoma mansoni infection, or parasite eggs. Animals
were sacrificed and their lungs washed with PBS and stored in form-
aldehyde until histological procedures. The lungs were sliced and
stained with Gomory trichrome. (A) lung from the PBS control group;
(B) lung from the asthma group; (C) lung from the S. mansoni-infected
group; (D) lung from mice that were injected with parasite eggs. Lung
tissue analysis revealed reduced pulmonary inflammation in OVA-
sensitized S. mansoni-infected or parasite egg-injected mice compared
to mice from the asthmatic group. Five animals per group were ana-
lyzed. Magnification, X40; bars, 20 pwm.
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FIG. 5. Effect of Schistosoma mansoni or parasite egg administra-
tion on IL-10 production. IL-10 in lungs of mice in the PBS, asthma,
INF/asthma, and egg/asthma groups was measured by ELISA. Five
individual mice per group were used; an asterisk denotes differences
compared to values obtained for mice treated with OVA only (asthma)
(P < 0.05). Error bars indicate standard deviations.

parasite eggs, this cytokine did not come from CD4" Foxp3™
T cells (Fig. 7).

Schistosoma mansoni eggs reduce the production of chemo-
kines. CCL2, CCL3, and CCLS5 are important chemokines for
the recruitment of eosinophils (2). We examined how levels of
these chemokines affected the inflammatory response in lungs.
Mice that were treated with S. mansoni eggs produced lower
levels of these chemokines than asthmatic mice (Fig. 8). How-
ever, no significant difference was observed between the INF/
asthma group and asthmatic animals (data not shown). These
data suggest a possible role for these chemokines in S. mansoni
egg modulation of experimental asthma.

CD25™" cell depletion, but not IL-10R neutralization, re-
stores eosinophil numbers in the BAL fluid of egg-treated
mice. Since IL-10 and CD4* CD25" Foxp3™ T cells are the main
candidates for asthma modulation, we depleted CD25" T cells
and neutralized IL-10R in order to determine their role in this
regulation. Mice that were depleted with anti-CD25 had more
eosinophils than the control group (GL113), and the number of
eosinophils was similar to that found in asthmatic mice (Fig. 9). In
contrast, neutralization of IL-10R had no effect on eosinophil
numbers in the BAL fluid of parasite egg-treated animals.

Effect of anti-CD25 and anti-IL-10R on Th2 cytokine and
chemokine production in lungs. To determine the role of
CD4" CD25" T cells and IL-10 in Th2 cytokine and chemo-
kine production, we measured IL-4, IL-5, CCL2, CCL3, and
CCLS levels in the lungs of egg/asthma anti-CD25-treated and
egg/asthma anti-IL-10R-treated mice. IL-4 and IL-5 (Fig. 10A)
and chemokines (Fig. 10B) were significantly increased in mice
depleted of CD25" cells and in animals with neutralized IL-
10R compared with the isotype control group (GL113).

CD25™ T cells control tissue pathology in S. mansoni egg-
treated mice. Mouse lungs were stained with hematoxylin-eosin
for inflammatory cell analysis. The asthmatic group (Fig. 11B)
had numerous inflammatory cells and a dense cell layer in the
bronchioles compared to the PBS (Fig. 11A) and egg/asthma
GL113 (Fig. 11C) groups. Additionally, treatment with anti-CD25
antibodies resulted in more inflammatory cells (Fig. 11D) than in
the egg/asthma GL113 group (Fig. 11C). However, when IL-10R
was neutralized, no alteration in the inflammatory cell profile was
observed in the lungs (Fig. 11E). These findings are in agreement
with the results of the BAL fluid assay.
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FIG. 6. Schistosoma mansoni egg antigens induce an increase in the number of lung CD4" CD25" Foxp3™ T cells. Cell suspensions isolated
from lungs of mice in the PBS, asthma, INF/asthma, and egg/asthma groups were stained for surface expression of CD4" and CD25" cells and
intracellularly for Foxp3™* expression and then analyzed by flow cytometry. (A) Frequency of CD4" CD25" T cells in the lymphocyte region of
the forward/side scatter plot. Differences in CD4* CD25™" frequency compared to PBS are denoted by an asterisk and those compared to the
asthmatic group by # (P < 0.05). (B) Frequency of CD4" CD25" Foxp3™ T cells within the CD4" T-cell population. Differences in CD4" CD25*
Foxp3™ compared to the PBS group, the asthmatic group, or the S. mansoni-infected group are denoted by an asterisk (P < 0.05).

DISCUSSION

Parasite infection continues to be a problem worldwide, and
helminths currently infect billions of individuals (7). The major
burden of this disease falls on inhabitants of developing coun-
tries, given that over the last 4 to 5 decades, helminth infec-

tions have been disappearing in industrialized societies. In
developing countries, helminths are a major source of immu-
nomodulatory signals (9). However, few studies have tried to
explain how helminth infection modulates allergic responses
(3, 38). It is clear now that the protective effect of helminth
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FIG. 7. CD4" Foxp3™ T cells are not the source of IL-10 produced in lungs of schistosome egg-treated mice. Cell suspensions isolated from
the lungs of mice in the PBS (dark bars), asthma (white bars), and egg/asthma (gray bars) groups were cultured for 18 h in medium, concanavalin
A (ConA) (1 pg/ml), or SEA (25 pg/ml), stained for surface expression of CD4" and intracellularly for Foxp3* and IL-10 expression, and then
analyzed by flow cytometry. (A) The gate used for the analysis of CD4" Foxp3™* IL-10" frequency. The lymphocyte region was determined in the
forward/side scatter plot, and the CD4" subpopulation was represented in a histogram for CD4 expression; then a dot plot showing the frequency
of CD4™ cells expressing Foxp3 and producing IL-10 was constructed. (B) Mean frequency (= standard deviation) of CD4" Foxp3™* IL-10" cells.
Differences in CD4" Foxp3™ IL-10" frequency between stimulated cells and nonstimulated cells were evaluated using Student’s 7 test. Asterisks
represents significant differences (P < 0.05) compared to unstimulated cells.

infection against allergy development cannot be explained sim-
ply in terms of the absence of Thl stimuli. This had led to a
reworking of the hygiene hypothesis, in which the regulatory
mechanisms induced by inflammatory responses have been
reviewed (21, 33). A study by van den Biggelaar et al. (31)
demonstrated that the inverse association between degree of
infection with schistosomes and positive skin prick tests had to

do with the amount of IL-10 in the serum. This work led to the
suggestion that IL-10 interferes with allergic effector mecha-
nisms either by inhibiting mast cell degranulation or by inhib-
iting Th2 cell proliferation (38). Further, the possibility that
Tregs inhibit allergic disease has received growing support
from both animal and human studies (1, 30). Here we have
provided direct experimental evidence to support the hypoth-
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FIG. 8. Effect of schistosome egg injection on chemokine produc-
tion. The levels of CCL2, CCL3, and CCLS in the lungs of mice that
received Schistosoma mansoni eggs were decreased compared with
those in animals from the asthmatic group. The data shown are the
means * standard deviations for five mice per group (PBS, asthma,
egg, and egg/asthma). *, P < 0.05 compared to values obtained for
mice treated with OVA only (asthma).

esis that S. mansoni antigens downregulate allergic reactions
through the action of Tregs.

We have shown here that S. mansoni infection and schisto-
some egg injection modulate allergic inflammation in OVA-
sensitized mice by reducing eosinophil numbers in the lungs.
During the allergic response, eosinophils appear at the site of
inflammation, and they produce a variety of inflammatory me-
diators (8). In the asthmatic group, the number of eosinophils
and the EPO level were much higher than those in mice in-
fected with S. mansoni cercariae or injected with parasite eggs.
Furthermore, the levels of Th2 effector cytokines IL-4 and IL-5
were reduced in infected or egg-injected animals. When we
examined IgE responses, the INF/asthma and egg/asthma
groups had significantly reduced levels of anti-OVA IgE along
with decreased IL-4 production. Similar findings using other
helminths have been reported. Itami et al. (14) and Lima et al.
(18) showed that mice protected against experimental asthma
by Ascaris suum components had suppressed cellular migra-
tion, and the EPO activity correlated significantly with the
reduction in the levels of IL-4 and IL-5 in the lungs. Eosino-
philic inflammation in the bronchial mucosa has been recog-
nized as a prominent pathological feature of bronchial asthma.
Th2 cells have been implicated in the local infiltration and
activation of eosinophils (26). In our study, IL-5 and IL-4 levels
were significantly lower in the lungs of the INF/asthma and
egg/asthma animals versus asthmatic animals. Studies with
IL-4 deficient (IL-4~/~) mice have shown substantially fewer
eosinophils in BAL fluid and much less peribronchial inflam-
mation than in wild-type mice, indicating that IL-4 is a central
mediator of allergic airway inflammation (6). The finding that
eosinophils also store IL-5 strongly supports the idea that eosino-
phil-derived eotaxin and IL-5 contribute to the local accumu-
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FIG. 9. Depletion of CD25" T cells but not IL-10R neutralization
increases eosinophilic inflammation. This graph demonstrates the
number of eosinophils in BAL fluid from mice that received anti-IL-
10R, anti-CD25 antibodies, or isotype control antibody (GL113). Five
mice per group were used; the protocol for treatment with anti-CD25
or anti-IL-10R is described in Materials and Methods. This is repre-
sentative of three independent experiments. *, P < 0.05 compared to
values obtained for mice treated with OVA only (asthma); #, P < 0.05
compared to values obtained for the control group (egg/asthma/
GL113). Error bars indicate standard deviations.

lation of eosinophils at inflammatory loci and to their en-
hanced survival (12).

The production of eosinophil-specific chemotactic factors
during the allergic airway response may be a pivotal event
resulting in eosinophil accumulation, activation, and airway
damage. The migration of eosinophils as well as Th2 cells is
controlled by chemokines, suggesting a crucial role of these
molecules in the pathogenesis of bronchial asthma (26). Alam
et al. (2) reported that chemokines that induce chemotaxis of
inflammatory cells, such as CCL2, CCL3, and CCLS, had in-
creased levels in BAL fluid of asthmatic patients compared
with healthy subjects. Lukacs et al. (19) found that CCL3 has
a role in eosinophil accumulation in the lung and airways
during allergic airway inflammation. They also showed that
CCL3 and CCLS are major eosinophil chemotactic factors that
are produced during airway responses. We have shown here
that mice treated with parasite eggs and in which asthma was
induced had significantly lower levels of CCL2, CCL3, and
CCLS than the asthmatic group. In contrast to what was ob-
served in egg-treated mice, we did not find reduced chemokine
levels in mice infected with S. mansoni. However, we cannot
rule out the role of these molecules in Th2 cell recruitment in
mice infected with S. mansoni, since the kinetics of the exper-
iments with worm infection and egg treatment were different.

Regulatory cytokines, such as IL-10, are thought to be one of
the main mechanisms of regulation of Th2 cell-mediated aller-
gic inflammation (16). Additionally, studies performed by Ka-
viratne et al. (15) demonstrated no major regulatory role for
transforming growth factor B in murine schistosomiais. It has
been shown that Nippostrongylus brasiliensis infection sup-
presses allergen-induced airway eosiniphilia via IL-10 (36).
When we infected mice with S. mansoni, we did not observe an
increase in IL-10 production. Recently, Smits et al. (28) re-
ported that in cases of chronic S. mansoni infection, suppres-
sive mechanisms that regulate immune reactions to allergens
are IL-10 dependent. Suppression of OVA-induced airway eo-
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FIG. 10. Effect of anti-CD25 and anti-IL-10R antibody treatment on Th2 cytokine and chemokine production in lungs. Measurements of 1L-4
and IL-5 (A) and of CCL2, CCL3, and CCL5 (B) were also used for characterization of the inflammatory process. Mice that received eggs and
anti-IL-10R antibodies or that received eggs and anti-CD25 antibodies showed higher levels of IL-4, IL-5, CCL2, CCL3, and CCLS5 than the control
group (egg/asthma/GL113) (#, P < 0.05). The control group also had a decrease in cytokine and chemokine levels compared with asthmatic mice
(*, P < 0.05). Five mice per group were analyzed. Data are representative of three independent experiments. All statistical analysis was done using

analysis of variance (P < 0.05). Error bars indicate standard deviations.

sinophilia observed in the chronic phase was also correlated
with infection intensity. Therefore, we speculate that the lack
of enhanced IL-10 production that we observed might be be-
cause we induced acute instead of chronic S. mansoni infection
in BALB/c mice. Since only the schistosome egg treatment
enhanced IL-10 production, we decided to investigate the reg-
ulatory mechanisms involved in parasite egg suppression. We
treated egg/asthma group mice with blocking IL-10R antibod-
ies or anti-CD25 to study the roles of IL-10 and Tregs in
asthma modulation. Treatment with anti-CD25 antibodies
fully reversed suppression of eosinophilic airway inflammation,

whereas blocking IL-10R had no effect on lung eosiniphilia.
Although IL-10R blockage led to increases in levels of IL-4,
IL-5, and chemokines (CCL2, CCL3, and CCLS), similar to
levels found in asthmatic animals, treatment with anti-IL-10R
antibodies did not significantly change eosinophil numbers in
BAL fluid and inflammatory cell numbers in lungs. Therefore,
our main hypothesis is that Treg activity is responsible for
experimental asthma modulation, based on our finding that
anti-CD25 antibody treatment reversed suppression. Further,
we found that Foxp3™ Tregs are an essential part of this reg-
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(C) egg/asthma GL113-treated group, (D) egg/asthma anti-CD25-treated group; (E) egg/asthma anti-IL-10R-treated group. The lungs from the asthma
group (B) showed numerous inflammatory cells with a dense cellular layer within the bronchioles compared with the PBS (A) and the egg/asthma GL113
(C) groups. Lungs from mice that were injected with parasite eggs and anti-CD25 antibodies had more inflammatory cells than those from the egg/asthma
GL113 control group (D). In parallel with the results of the BAL fluid assay demonstrating fewer eosinophils, panel E shows similar numbers of
inflammatory cells in lungs of mice treated with eggs and anti-IL-10R antibodies and in lungs of mice from the control group (egg/asthma GL113). Five

animals per group were analyzed. Magnification, X40; bars, 20 pm.

ulatory network and that the effect of their suppression is
independent of IL-10.

Recently Yang et al. (37) showed that Schistosoma japoni-
cum egg antigen treatment induces a significant increase in
CD4*% CD25" T cells in BALB/c mice when there is a combi-
nation of SEA injection and oral administration of dead S.
Japonicum eggs. They demonstrated that IL-10-producing
CD4* CD25" T cells stimulated by S. japonicum egg antigen
treatment modulate airway inflammation in a murine model of
asthma. Therefore, in our study the mechanisms of modulation
appear to be different from those found by Yang et al. (37). We
observed a regulatory function for Tregs in schistosome egg-
induced asthma modulation, independent of IL-10. Unexpect-
edly, we found that most Foxp3™ CD4* T cells did not produce
IL-10. Further, we found that egg-induced Foxp3™* Tregs are
not the main source of IL-10. Recently, CD4" CD25" T cells
were identified as a major source of IL-10 in schistosome-
infected mice (13). Additionally, Yang et al. (37) demonstrated
that IL-10 producing CD4" CD25" T cells modulate airway
inflammation. This discrepancy in IL-10 production by Tregs
might be due to different protocols for egg antigen adminis-
tration and/or to egg antigens present in S. mansoni and S.
Japonicum that could differentially stimulate Tregs to produce
IL-10. More recently, using a bead-induced pulmonary granu-
loma model, it was found that only CD4" CD25" Foxp3~ T
cells produce large amounts of IL-10, while CD4" CD25*
Foxp3™ T cells do not (11). Similar to what we found, Baum-
gart et al. (4) demonstrated that S. mansoni egg-induced
Foxp3™ Tregs are not the main source for IL-10. Therefore, we
speculate that S. mansoni egg-induced CD4% CD25" Tregs
modulate experimental allergic asthma via cell-cell contact-
dependent mechanisms (4). Baumgart et al. (4) showed that

increased expression of apf- integrin can improve the contact
between CD103™ Tregs and E-cadherin-expressing target cells,
thereby increasing modulation. Recently, Wilson et al. (35)
demonstrated that mesenteric lymph node cells from H.
polygyrus-infected IL-10 knockout mice transfer suppression to
OVA-sensitized hosts, indicating that IL-10 is not the primary
modulator of the allergic response.

In summary, we demonstrated that mice infected with male
or female worms and mice injected with S. mansoni eggs de-
velop a significantly decreased eosinophilic response in the
airways, reduced IL-4 and IL-5 production, and reduced levels
of anti-OVA-specific IgE antibodies and that they become
more resistant to experimental asthma. Asthma protection was
associated mostly with CD4* CD25" Foxp3™ T cells, which is
consistent with the hypothesis that parasite-induced Tregs can
downmodulate Th2 allergic inflammation. These findings can
help explain reactions found in humans, since individuals with
active helminth infections appear to be less responsive to al-
lergen provocation than individuals who are free of infection
(3, 24). Finally, the identification of parasite molecules that
induce protection against allergic diseases could lead to the
development of new asthma therapies.
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